High-order methods are critical for reliable numerical simulation of strong-shock and turbulence interaction problems. Such problems are not well understood due to limitations of numerical methods. Most widely used shock capturing methods for the numerical simulation of compressible flows are inherently dissipative, only first order accurate and may incur numerical oscillations near the shock waves. In our previous work [1, 2] we have shown that algorithms based on shock-fitting methodology can solve the flow with highorder accuracy near as well as away from the shocks without any numerical oscillations. In the current study, we extend the fifth order shock-fitting algorithm to carry out Direct Numerical Simulations (DNS) of interactions of shock waves with realistic isotropic turbulence. Incoming isotropic turbulence is developed in a temporal simulation of solenoidal fluctuations in a periodic box. Using Taylor's hypothesis these fluctuations are prescribed upstream of the shock wave and the flow behind the shock wave is computed using the shock fitting algorithm. In this paper we investigate interactions of isotropic turbulence with normal shock waves of Mach numbers 
INTRODUCTION
Many important scientific and engineering applications involve complex interactions between turbulent flows and strong shocks. Very high rates of compression and expansion waves in turbulent flows are observed in a number of explosive phenomena such as volcanic eruptions, detonations, shock wave lithotripsy to break up kidney stones, supernova explosion, as well as the implosion of a cryogenic fuel capsule for inertial confinement fusion (ICF). These processes are strongly nonlinear and proven to be very complex to understand with existing tools. The problem of interaction of the turbulence and normal shock is fundamental for better understanding of such complex phenomena. The relevant problem for the present study is interaction of normal shocks with free turbulence as shown in Fig. 1 . In such flows the interaction between the shock wave and turbulent flow is mutual, and the coupling between them is very strong. Complex linear and nonlinear mechanisms are involved which alter the dynamics of the shock-wave motion and can cause considerable changes in the structure of turbulence and its statistical properties. The problems involving flows with shock turbulence interaction have been a challenge for experimentalists, theorists and computational researchers for more than fifty years for which a brief summary is presented in ensuing sections followed by the scope of current study. 
Theoretical Studies
Theoretical studies in this field have been attempted mostly through linear interaction analysis. One of the earliest small perturbation analyses of compressible turbulent flow was performed by Kovasznay [3] who showed that the turbulent fluctuations about mean uniform flow can be decomposed into the vorticity, acoustic, and entropy modes. This analysis is valid for weak fluctuations of density, pressure, and entropy. It was shown that for first order approximation, each of these modes evolve independently in the inviscid limit for mean uniform flow. However, in second order approximation of fluctuations, interaction of these modes is possible and one mode can be generated from the interaction of other two modes [4] .
Ribner [5] [6] [7] and Moore [8] were among the earliest workers to consider theoretically the passing of a turbulent field through a shock wave. Ribner [5] analyzed interaction of a plane sinusoidal disturbance in velocity (shear wave) passing through a shock as a boundary value problem. In his analysis the shock was kept steady by solving the equations in a moving reference frame. It was found that initial shear wave is amplified and refracted by the shock due to the changes in thermodynamic properties and therefore emerges at a different angle from the incident. He later generalized this result from single wave to obtain shock-interaction effects of a completely turbulent velocity field [6] and obtained significant turbulent amplification due to shock turbulence interaction. The results were further extended [7] to provide the flux of acoustic energy emanating from unit area on the downstream of the shock. Moore [8] performed unsteady analysis of interaction of obliquely traveling weak plane disturbances of arbitrary profile with a plane normal shock. Unlike Ribner's analysis, unsteady shock was considered for linear analysis the interaction of sound and vorticity waves with an unsteady shock. It was found that amplification of disturbances depends on impingement angle and Mach number of the shock. Kerrebrock [9] considered modifications of random small fluctuations of pressure, entropy and vorticity in passing through a shock wave or flame. It was found that all modes of disturbances are generated in the downstream flow if any of the modes is present in the upstream flow. McKenzie and Westphal [10] derived formulas for amplification and Snell's Laws for refraction and reflection of acoustic, vorticity and entropy waves interacting with shock and applied the results to the amplification of small disturbances in the solar wind on a passage through the bow shock of earth. More recent theoretical studies of shock and turbulence interaction are by Goldstein [11] , Lee et al. [12] [13] [14] , Mahesh et al. [15] [16] [17] and Fabre et al. [18, 19] . It was found in these studies that different components of the turbulent kinetic energy, as well as root mean square values of the fluctuating pressure, temperature and density are amplified across the shocks. Despite several assumptions, Linear Interaction Analysis (LIA) provides accurate description of the essential characteristics of the interaction.
Experimental Studies
Experimental realization of a homogeneous and isotropic flow interacting with a normal shock in the laboratory is a difficult task. Setting up a compressible and isotropic turbulent flow presents a big challenge. Moreover, generation of a normal shock interacting with flow is also very difficult. These two problems may not be independent from each other. Despite the difficulties various experiments have been performed either in wind tunnels or shock tubes by several authors. In supersonic wind tunnels (e.g. Debieve & Lacharme [20] , Jacquin et al. [21] ), appropriate shock-generating devices are used to create steady shocks while homogeneous, quasi-isotropic turbulence is produced by grid-type turbulence generators. Downstream of the shock wave, measurements are taken at various axial positions. These experiments are easy to compare with numerical simulations since the shock is steady. This is not the case with shocktube experiments (e.g. Briassulis & Andreopoulos [22, 23] ), where a traveling shock wave passes through a grid, producing homogeneous turbulence with constant mean velocity. The shock wave reflects from end-wall of tube and interacts with the turbulent field. Statistical measurements are taken at a fixed position in the tube. The results of these experiments are not easy to compare with numerical simulations or wind-tunnel experiments as the distance between the probe and the propagating shock wave changes during the useful period of measurements. Also, there is generally a short time available for the measurements depending on the dimension of the shock tube and the shock intensity. Although, all these experimental results are subject to various types of uncertainties the data agree with the LIA and DNS results for the evolutions of the main flowstatistics across the shock. However, for almost all of experiments, turbulent microscales show an overall increase of the microscales during the interaction with normal shock, which is in contradiction with theory and simulations.
Numerical Studies
Since the early 80s, various attempts have been made towards the numerical simulation of shock and turbulence interaction. Initial efforts in this regard considered interaction of the shock with simple waves. In 1981, Pao and Salas [24] fitted the shock at inflow boundary and solved Euler equation with finite difference discretization for study of shock/vortex interaction. Shock fitting computations with pseudo-spectral (Zang et. al [25] ) and spectral techniques (Hussaini et al [26, 27] ) were later used to treat the problems in which a single vortex, a vortex sheet, an entropy spot or acoustic wave interacts with the shock. The results obtained from these numerical efforts confirmed the linear theory in the regime of weak shocks. With the advent of essentially non-oscillatory (ENO) and related schemes, shock-capturing methods gained popularity for simulations of compressible flows. A number of new schemes for compressible flows has since been tested for interaction of shock with small disturbances against the results obtained from linear theory [27] [28] [29] . Although limited to low Mach numbers, these studies mostly confirm the LIA results.
The numerical studies of fully turbulent field interacting with shocks are more recent. For the simulation of the turbulent field DNS methods and large eddy simulations (LES) have been used. However these different types of methods give different results when interaction with shock is considered [23] . Most of the recent direct numerical simulation (DNS) studies have been on various aspects of interaction of a normal shock with freestream turbulence for relatively weak shocks of small Mach numbers. For example, Mahesh et al. [15, 17] did extensive direct numerical simulation (DNS) study of the interaction of a normal shock with an isotropic turbulence. The mean shock Mach numbers were in the range of 1.29 to 1.8. They found that the upstream correlation between the vorticity and entropy fluctuations has strong influence on the evolution of the turbulence across the shock. They also used linear analysis to analyze the simulation results. Other shock/turbulence interaction studies have been conducted by the same group of workers [12, 30] . Lee et al. [12] investigated the effect of Mach number on isotropic vertical turbulence interacting with a shock wave. The range of Mach numbers was in the range from 1.5 to 3.0. A shock-capturing scheme was developed to accurately simulate the unsteady interaction of turbulence with shock waves. It was found that turbulence kinetic energy is amplified across the shock wave, and this amplification tends to saturate beyond Mach 3. Hannapel et al. [31] computed interaction of a Mach 2 shock with a third order in space shockcapturing scheme based on the essentially non-oscillatory ENO algorithm of Harten together with an approximate Riemann solver. Jamme et al. [32] carried out a Direct Numerical Simulation (DNS) to study the interaction between normal shock waves of moderate strength (Mach 1.2 and Mach 1.5) and isotropic turbulence. Adams and Shariff [33, 34] proposed a class of upwind-biased finite-difference schemes with a compact stencil for shock/turbulence interaction simulation. They used this nonconservative upwind scheme in smooth region while a shock-capturing ENO scheme was turned on around discontinuities. This idea of hybrid formulation was improved by Pirozzoli [35] who used similar hybrid formulation for a compact weighted essentially non-oscillatory (WENO) scheme with conservative formulation for the simulation of shock turbulence interaction. Ducros et al. [36] developed larger-eddy simulation(LES) on the shock/turbulence interaction by using a second-order finite volume scheme. The method was then used to simulate the interaction of a Mach 1.2 shock with homogeneous turbulence.
Yee et al. [37] proposed characteristic-type filters, that add the dissipative part of traditional shock capture schemes to the non-dissipative central based schemes in order to damp out numerical instabilities. Due to this feature, characteristic filters are very suitable to incorporate into existing LES codes based on high-order methods, and they allow the codes to have shock capturing capability. This scheme was used by Sjogreen and Yee [38] for shock disturbance interaction. Recently, Cook and Cabot [39] developed artificial viscosity formulations for shock-turbulence simulations. It functions as an effective subgrid-scale model for both high and low Mach number flows. The model employs a bulk viscosity for treating shocks and a shear viscosity for treating turbulence and has been used for the basic shock disturbance interaction.
It is observed that most of the studies in field of shock-turbulence interaction used shock capturing and did not go beyond computations of Mach 3 shocks. The reason for that could be decrease in shock thickness as shock gets stronger since shock-capturing schemes will need a finer resolution for that case. Recently, Sesterhenn et al. [40] revisited shock-fitting schemes and applied them for solving Navier-Stokes equations in non-conservative form for problem of interaction of Mach 3 shock with isotropic turbulence. Shock-fitting considers the shock as a discontinuity. Hence, unlike shock-capturing schemes, it is not limited by need of finer resolution around the shock and should be easily applicable for DNS studies of strong shocks.
Shock-Fitting Methods
Shock fitting schemes have been used for simulations of compressible flow with welldefined shocks since 1960s. Moretti and collaborators developed efficient and reliable codes using shock fitting for steady and time-dependent flows [41] [42] [43] [44] . In order to compute shock velocities, the Rankine-Hugoniot conditions were used with a compatibility equation along a generator of the characteristic conoid reaching the shock. Later a modification of the scheme was used by de Neef and Moretti [45] where temporal derivatives of the Rankine-Hugoniot conditions were used with characteristic equations to find the shock velocity. Since such flows do not need any shock capturing, conservative forms of the governing equations were not required. Moretti used Reimann's characteristic equations; discretizing them based on the direction of propagation of the associated waves. Such methods were named -schemes [46] and were used exclusively with shock-fitting method [47] [48] [49] [50] [51] . Moretti also considered multidimensional flows where shocks are not aligned with any grid lines but float across the grids [52] . Further work was done on this floating shock-fitting technique to make it simpler [53, 54] . However, topological problems were encountered if more than one shock were present. A review of the development of the shock fitting methods can be found in Refs. [55, 56] .
Original shock-fitting schemes with grids aligned with the shock were adopted by a number of researchers. In the 1990's shock-fitting was used mostly for solving flow over blunt bodies. The bow shocks were treated as a computational boundary. Pseudo-spectral approximations to the Euler equations employing shock fitting were first performed by Hussaini et al. [26] . Kopriva [57, 58] used Chebyshev spectral collocation method, in conjunction with shock-fitting and extended it to multidomain [59] . Cai [60] used a shock-fitting algorithm to compute two-dimensional detonation waves. Zhong [61] developed new high-order finite difference schemes and coupled them with shock-fitting algorithm for the study of hypersonic boundary layers. These schemes were used for the receptivity studies for supersonic boundary layers [62] [63] [64] [65] [66] . Recently, Brooks and Powers [67] have extended Kopriva's spectral method with shock fitting to solve two-dimensional axisymmetric Euler equations in a cylindrical coordinate frame for blunt body problem.
As discussed earlier, shock-fitting method has also been applied to problem of shock and disturbance interactions. Sesterhenn et al. [19, 40] decomposed inviscid part of the threedimensional Navier-Stokes equations in characteristic (acoustic and convective) waves aligned with the numerical grid. Variables representing these characteristic waves are discretized using a compact fifth-order upwind scheme. This method is an extension of Moretti's -schemes and has been validated for the problems of shock and entropy spot interaction and the shock and isotropic turbulence interaction. This scheme is different from the shock-fitting scheme we are using [61] . We solve the Navier-Stokes equation in conservative form as opposed to the nonconservative formulation used by Sesterhenn et al. [40] since it enables us to capture weak discontinuities behind the main shock.
It has been discussed in literature [40, 68] that smallest length scale (Kolmogorov length scale) and shock thickeness in the compressible flow are related as:
For the stronger shocks and small turbulent Mach numbers shock thickness is actually one to two orders of magnitude lesser than the smallest length scales captured in the simulations. Moreover, the Navier Stokes equations are considered invalid inside the shock. Shock capturing schemes spread the shock artificially over finite number (generally 5-6 grid points). On the other hand, shock fitting algorithm considers the shock a sharp interface and exact jump conditions across the shock are implemented. Hence, results from shock fitting algorithm are expected to approximate the real physics of the problem well for strong shocks. These shock fitting schemes have been widely used in past for highly accurate simulations of hypersonic flows [62, 63, 66, 69] . Shock fitting methods consider the shock as a sharp discontinuity and there is no numerical smearing of the shock fronts. Compared to shock capturing methods, the main advantage of shock fitting methods is the possibility of achieving uniform high-order accuracy for flow containing shock waves and avoiding possible spurious oscillations. On the contrary, most of the popular shock-capturing methods are only first-order accurate at the shock and may incur spurious numerical oscillations near the shock
Motivation and Scope of Current Study
A study of the literature in the field of shock interactions with turbulence shows that these complex configurations are part of a number of important phenomena. However, the current scientific understanding of shock-turbulence interactions in complex configurations and the ability to reliably predict these strongly nonlinear flows remains limited. Most of the popular methods for solving compressible flow involve shock-capturing algorithms for treatment of shock. However, it has been observed that even high-order shock capturing methods give low accuracy at the shock [70] and might lead to spurious oscillations [71] . Many shock capturing method introduce some dissipation to avoid spurious oscillations which, however, is not accurate enough for simulation of turbulent flow. On the other hand, conventional high-order methods generally used for DNS studies have numerical problems due to strong gradients around shock. Thus, DNS of shock and isotropic turbulence interaction has not been possible for stronger than Mach 3 shocks due to limitations of computational resources for the used shock capturing algorithms.
Current work is continuation of our efforts presented in Refs. [1, 2] . Here, underlying idea is to develop and use shock-fitting along with high order schemes to gain knowledge about nonlinear phenomena involving interaction of strong shocks and turbulent flows. Shock fitting algorithms treat the shock interface sharply without any dissipation hence they are compatible with low dissipation schemes used for DNS of turbulent flow. Shock fitting methods are ideally suited for the cases where there is a clearly demarcated interface which is indeed the case for the problem of turbulent flow incoming to a strong shock as shown in Fig. 1 . In our previous work [1, 2], some simple canonical problems were considered by us and results obtained point to the highorder accuracy of the shock-fitting methods for such problems.
In our previous work we have developed and evaluated the shock-fitting methodology for canonical problems where flow disturbances interact with a strong shock [1, 2] in one and two dimensional setups. It was observed that results from shock-fitting methods for such problems showed uniformly high-order convergence and did not incur any spurious numerical oscillations. On the other hand, the popular shock-capturing methods were found to be only first order with non-physical oscillation around the shock. Since high-order accuracy is desired for the simulation of turbulent flow, shock-fitting methods provide a very good alternative to the shockcapturing method when a well defined strong shock is present in the flow. Hence, in this study we propose to carry out simulation of flow with isotropic turbulence interacting with a strong well-defined shock using shock-fitting algorithms evaluated in our previous studies.
Hence, focus of current study is to extend our shock-fitting methodology to compute interaction of realistic isotropic turbulence with well-defined shocks. Thrust is mainly on strong shocks which have not been considered in past due to computational limitations of shockcapturing methods. In remaining part of this paper we briefly present the governing equations and numerical method for shock-fitting algorithm. This is followed by the discussions on method to generate inflow turbulence, shock fitting implementation for shock turbulence interaction and some basic results for shock and turbulence interactions.
GOVERNING EQUATIONS
The governing equations are compressible Navier-Stokes equations which are given as follows : 
where μ is the viscosity coefficient determined by the power law,
where 0 and 0 T are reference values. The thermal conductivity k is computed from the Prandtl number, which is assumed constant at 0.7 in this paper.
NUMERICAL METHOD
We use a fifth-order shock-fitting algorithm treating the shock as a sharp entity. For the preliminary results presented in this paper, the shock is taken as boundary of the computational domain and fifth-order shock-fitting method of Zhong [61] is used for solving the flow between shock and exit boundary (Fig. 1) . The flow variables behind the shock are determined by Rankine-Hugoniot relations across the main shock and a characteristic compatibility relation from behind the shock. The velocity and location of the shock are solved as part of the solutions. In the interior, solution of conservative compressible Navier-Stokes equations is carried out using the numerical method described in this section.
In numerical simulation, the compressible Navier-Stokes equations (2) to (4) are written in the following conservative form,
where U is the solution vector given by 
In the conservative equation (7), the inviscid fluxes and the viscous fluxes have the same forms as those of the Navier-Stokes equations. Before discretizing the governing equations by a finite difference method, equation (7) in the physical domain is transformed to the shock and boundary fitted computational domain by the following transformation relations, ( , , ) ( , , , ) ( , , ) ( , , , ) ( , , ) ( , , , )
x y z x x x y z y y x y z z z t t (15) and the transformed governing equation in the computational domain is expressed as follows
An explicit finite difference scheme is used for spatial discretization of the governing equation (16), the inviscid flux terms are discretized by a fifth-order upwind scheme, and the viscous flux terms are discretized by a sixth-order central scheme. For the inviscid flux vectors, the flux Jacobians contain both positive and negative eigenvalues. A simple local Lax-Friedrichs scheme is used to split vectors into negative and positive wave fields. For example, the flux term F in Eq (18) can be split into two terms of pure positive and negative eigenvalues as follows 
where
The parameter is a small positive constant added to adjust the smoothness of the splitting. The fluxes F + and F -contain only positive and negative eigenvalues respectively. Therefore, in the spatial discretization of Eq. (7), the derivative of the flux F is split into two terms
where the first term on the right hand side is discretized by the upwind scheme and the second term by the downwind scheme.
The fifth-order explicit scheme utilizes a 7-point stencil and has an adjustable parameter as follows 6 upwind when < 0 and downwind when > 0. It becomes a 6-order central scheme when = 0 which is used for discretizing viscous terms.
GENERATION OF INCOMING TURBULENCE
With the shock-fitting algorithm for the problem shown in Fig. 1 , there is no need to solve the supersonic flow upstream of the shock. Hence, computational domain for the shockturbulence interaction consists of flow only downstream of the shock. The supersonic turbulent flow ahead of the shock is computed in a separate simulation. Schematic of the shock-fitting implementation for the shock-turbulence interaction problem is shown in Fig. 2 . The inflow turbulence is generated using a separate direct numerical simulation as shown in Fig. 2(a) . For the results presented in this paper, we compute decaying isotropic turbulence in a periodic box to generate the realistic turbulent fluctuations that can be used as incoming turbulence for the shock-fitting algorithm. For the simulation of shock and turbulence interaction, turbulence in the flow just upstream of the shock should be realistic, fully developed and well characterized. Ideally, one should generate spatially evolving turbulence and prescribe it just behind the shock. However, it has been shown in the literature [72] that spatially evolving turbulent statistics can be approximated really well by those obtained from a temporal simulation using Taylor's hypothesis if the turbulent fluctuations are small enough. Based on this information, in this study, we generate the inflow conditions from temporal simulation in a periodic box and using Taylor's hypothesis the turbulent fluctuations are convected with mean shock-velocity as inflow condition for shock-fitting computation.
Simulation of decaying isotropic turbulence in a periodic box is started with initial conditions generated using the algorithm given by Erlebacher et al [73] . The algorithm is based on generating random fields for fluctuations of flow variables and imposing a given spectrum. Following spectrum is imposed on the fluctuations of flow variables: The most important parameters that govern the physics of shock turbulence interactions are turbulent Mach number t M and Reynolds number based on Taylor microscale . These quantities are defined as follows:
and Re rms u (25) In this paper, for any given variable f , f denotes an ensemble average and f is massweighted average i.e. f f . Deviation from ensemble average and mass-weighted average is denoted as The initial conditions are assigned in a box of dimension 3 2 and compressible Navierstokes equations are solved using periodic boundary conditions in all three directions until reasonably realistic turbulence is achieved. We use a fifth order upwind finite-differencing scheme [61] for this purpose.
To validate our method of generating inflow turbulence, we have compared the results from our temporal simulation of decaying isotropic turbulence in a cubic box with those presented by Lee et al [72] . For this comparison the initial turbulence is generated with purely incompressible fluctuations with the spectrum given by Eq. (22) k for the imposed spectra.. The results obtained from the method described above with two different sets of grid points are compared with those obtained from Lee et al [72] in Fig. 3 . The variable used for comparison is skewness of streamwise velocity which is defined as:
Skewness of velocity derivatives is a measure of inertial non-linearity of turbulence. For the parameters considered here, a realistic turbulence should have 1 S in the range -0.4 to -0.6 [14, 17, 32] . From Fig. 3 , it can be observed that even though started from random initial flow-fields, evolution of skewness of streamwise velocity obtained from the method described in this section matches well to those mentioned in the literature. Also, realistic turbulence is obtained after 
COMPUTATIONS WITH SHOCK FITTING
The computational domain for implementation of shock-fitting algorithm is shown in Fig.  2(b) . The shock forms the left boundary of the computational domain. The turbulent fluctuations generated from Fig. 2(a) are imposed on supersonic flow and used as inflow condition at the shock. Periodic boundary conditions are used in the transverse directions and non-reflecting characteristic boundary conditions are used at the subsonic exit of the computational domain. In the shock-fitting algorithm, the grid distorts with movement of the shock front.
Turbulent fluctuations described in the previous section are imposed on corresponding supersonic flow following Taylor's hypothesis that is valid for small turbulent intensities . For higher turbulent intensities, it is advisable to carry out simulation of spatially decaying turbulence which is more expensive. From the temporal simulations inside a periodic box, we obtain values of flow variables at fixed grid points of the box while due to shock-movement grid points in shock-fitting computations are not stationary. Moreover, when the turbulent box is convected through the shock in the shock-fitting computations, the shock-points generally do not align with grid points of the turbulent box. Hence, values on the supersonic side of the shock are computed using interpolations. Since in our shock-fitting formulation the grids move in only one direction (X-direction in Fig. 2(b) ), one dimensional interpolation using fast fourier transform (FFT) is sufficient for this purpose. As a boundary condition, shock-fitting formulation needs the values of the time derivatives of conservative variables ahead of the shock according to the isotropic field which using Taylor's hypothesis are taken as appropriate spatial derivatives. Together with one characteristic coming to the shock from the high pressure side, these values determine the shock velocity. Thus, downstream flow variables are calculated from the corresponding upstream values, using the Rankine-Hugoniot conditions. DNS of the shock and turbulence interaction needs a large number of grids to fully resolve all the scales involved. For simulation of isotropic flows, it has been suggested [68] that one should resolve a wavelength of 4.5 s where s is the Kolmogorov length scale for the flow in the computational domain. With our high order finite difference scheme such resolution will require a grid spacing of 2.0 s in transverse direction. On the upstream side of the shock, the Kolmogorov length scale is defined as 0 0. While computing the flow for shock-turbulence interaction problems considered here, it was observed that turbulent intensity is generally higher just behind the shock. A typical distribution of density values in X-Y plane is shown in Fig. 4(a) . Regions of highest gradients are observed just behind the shock while fluctuations attenuate moving towards the exit. Hence, to appropriately resolve the flow it is advisable to stretch the grid to cluster it near the shock wave). After numerical experiments, 192 grids in streamwise direction were found to be sufficient while the grids were stretched in streamwise direction such that near the shock 2 1 18 x x . As shown in Fig. 4(b) doubling the grid points in streamwise direction was not found to be altering the result significantly. Hence, the results presented in this paper correspond to 2 192 128 grid points for 2 4 (2 ) domain using shock-fitting unless specified otherwise. At the exit, non-reflecting boundary conditions of Poinsot and Lele [75] are used. Also, one-fourth of computational grid points near outflow is used as sponge zone to damp out the acoustic reflections from the exit boundary. This is carried out by adding terms of the form 2 1 1 , 1 ,m a x 1 , sp sp x x x x U U in Eq. (7). Here, 1,sp x and 1,max x denote beginning and end of the sponge layer respectively and is a constant (taken 0.01 in the computations here). It was observed that after one flow-through of the periodic isotropic turbulence through the shock, statistically steady state is established in the computational domain. For computation of turbulence statistics, we save and use 60 instantaneous fields per flow-through time.
RESULTS
As discussed earlier, there are not many studies available in the literature which consider strong shocks for the shock turbulence interactions. As compared to the commonly used shock capturing methods, shock fitting methods are more suitable for simulations with very strong shocks. In the present study, we have varied the upstream Mean mach number, 1 M from 2 to 10 while imposing same inflow fluctuations with , 0.121 
Mean Profiles
Profiles of mean density and streamwise velocities are shown in the Fig. 5 . It is observed that the jump in the mean turbulent density is smaller than that observed in the laminar flow. On the other hand jumps in mean velocity value are higher than that predicted by laminar Rankine Hugoniot jump conditions for all the Mach numbers considered in this study. This is consistent with the prediction Rapid Distortion Theory (RDT) of Lele [76] . It is also observed that as Mach number is increased the deviation of turbulent and laminar means also reduces. This is also expected since turbulent Mach number of the inflow is kept constant leading to lower turbulent intensity ( / rms u U ) values. With the passage of turbulence, shock wave gets distorted. Variation of rms values of shock fluctuations with Mach number is presented in Fig. 5(c) . It is again observed that smaller turbulent intensities (for higher Mach number flows) lead to smaller fluctuations in the mean shock profiles. 
Reynolds Stress
Linear interaction analysis (LIA) of shock turbulence interactions considered by various researchers [6, 77] show that turbulent velocity fluctuations are amplified as they move across the shocks. Moreover, the fluctuations in velocity components are significantly affected by the evanescent acoustic waves across the shocks. LIA results for evolution of the normal components of Favre's Reynolds stresses, " " ij i j R u u , behind the shock wave is plotted in Fig. 6 for 1 2.0 M (as presented by Lee et al. [14] ). These values are also compared against those / u u u u almost coincide with each other pointing to the axisymmetry of turbulence behind the shock. As compared to the streamwise components, transverse components decay at a higher rate and the een that the streamwise vorticity fluctuations doar field. Similar observations have been reported in the previous studies [12, 14, 32] in the literature. Effect of increasing Mach number on streamwise Reynolds stresses is presented in Fig. 7 for constant values of 0.12 t M and Re 6.81 . In Fig. 7 (a) , it is observed that as the mean Mach number of the incoming flow is increased the amplification of streamwise velocity fluctuation, represented by 11 R , decreases. Also, the streamwise Reynolds stresses evolve faster behind the shock for higher values of mean Mach number. On other hand, transverse velocity fluctuations (Fig. 7 (b) ), reduce slightly as the value of mean Mach number is increased. This is in accordance with the prediction of LIA. However, it was found that for all the cases of Mach number considered, 11 R is always 22 R downstream of the shock. Anisotropy in the velocity variances is quantified by the ratio 22 R / 11 R which is plotted in the Fig. 7(c) . It is observed that this ratio continuously decreases downstream of the shock and there is no evidence of the flow returning to isotropy. In past studies, increase in the turbulent kinetic energy has been observed in the experimental as well as numerical studies [78] . Linear theory also predicts amplification of turbulent kinetic energy for all upstream Mach numbers as shown in Fig. 8 . In the Fig. 8 , amplification factors observed in this study are also plotted along with results reported by Lee et al. [14] and Jamme et al. [32] . Numerical solution results reported by Lee et al [14] indicate larger amplification factors than the LIA prediction while Jamme et al. [32] noticed smaller amplifications than those expected from LIA. Amplification factors observed in the far field by shock fitting computations in this study were also found to be larger than those predicted by LIA. However, for all the Mach numbers considered in this study, shock fitting results remain pretty close to the LIA results and amplification factors remain more or less constant for stronger than Mach 4 shocks as predicted by LIA 
Vorticity variance:
For the quasi-incompressible inflow turbulence considered in this study, one of the most important contributions to the dissipation of turbulent kinetic energy is expected from the vorticity fluctuations. For the cases of Fig. 7 , the evolution of streamwise and transverse vorticity fluctuations, " " 1 1 and " " 2 2 respectively, behind the shock is presented in the Fig. 9 . The values are normalized by the value of vorticity variance, , in the isotropic flow just ahead of the shock. It can be seen that the streamwise vorticity fluctuations do not change significantly as the flow passes through the shock. This is in accordance with the linear theory and results obtained in previous studies [12, 14, 31, 32] . On the other hand, transverse vorticity fluctuations are significantly amplified just behind the shock.
For the cases considered in the present study, all the vorticity variances were seen to decay behind the shock. However, in the study by Lee et al. [14] , a small increase in the streamwise vorticity has been reported downstream of the shock which is attributed to the non-linear tilting and stretching of vorticity. We do not see such increase, which may be due to the fact that flow considered in the present study is more viscous ( Re 6.8 ) than that studied by Lee et al. ( Re 19.0 ) . In the present simulations, the decay of streamwise vorticity fluctuations was found to be more prominent for high Mach number flows as shown in Fig. 9(a) . Amplifications in the transverse vorticity fluctuations across the shock increase as the mean Mach number of the incoming flow is increased. However, as can be observed from Fig. 9(b) , the transverse vorticity fluctuations decay faster for flows with higher Mach number.
LIA also show increase in amplification of the transverse vorticity fluctuations with increase in Mach number. In Fig. 10 , the amplification ratios predicted by LIA are compared against those obtained in the present study. The shock fitting results were found to be matching the LIA prediction within 5% for shocks as strong as Mach 10 flows. Previous studies in the field of shock turbulence interactions also showed good match with LIA for vorticity fluctuations but were never attempted with stronger than Mach 3 shocks.
Profiles of vorticity fluctuations also indicate that the flow is not seen to be returning to isotropy within the computational domain after passing through the shock for the flow parameters considered in this study. This is highlighted when evolution of the ratio of streamwise and transverse vorticity fluctuations behind the shock is plotted as shown in Fig. 11 . It is observed that high Mach number flows are more anisotropic as compared to low Mach number flows.
Recently, Lele and Larsson [74] used very fine grids for strong shock interaction with higher Reynolds number ( Re 40 ) flows and showed returned to isotropy for vorticity fluctuations around 0 1 10 k x although velocity variances still remained anisotropic. They also showed that grid resolution might not be sufficient in the previous studies to capture such small scale quantity. Considering such observations it is important to consider better grid resolution and higher Reynolds number flows which we intend to do in future. 
Taylor Microscales
In almost all of experimental studies, turbulent microscales show an overall increase of the microscales during the interaction with normal shock, which is in contradiction with theory and simulations [78] . Evolution of Taylor microscales from our shock fitting computation is presented in Fig. 12 . All the microscales are normalized by the value of Taylor microscale, 0,u immediately upstream of the shock in the isotropic turbulent flow. It can be observed in Fig. 12 . that all the microscales decrease significantly as the flow passes through the shock. The streamwise microscale, 1 is much smaller than the transverse microscale, 2 immediately downstream of the shock. However, 1 rapidly evolves further downstream while increase in 2 is not much pronounced. Transverse microscale 2 remains less than the upstream value 0,u in the computational domain for all the mean Mach numbers of incoming flow. In all the cases with different shock strengths considered in this study, we found 1 to be greater than 2 beyond 0 1 10 k x . For the cases with higher Mach numbers of the incoming flow, all the microscales are smaller just behind the shocks but spatial evolution of 1 is much more rapid. Consequently, the point where 1 becomes larger than 2 was found to move closer to the shock as the Mach number of the incoming flow is increased while keeping t M and Re fixed. Opposite to the computed results presented here, the linear theory predicts 2 > 1 and the difference is expected to be larger for higher mean Mach number of the incoming flow. The discrepancy suggests fast viscous decay of streamwise derivative of velocity. For the weak shocks considered in the previous studies Lee et al [14] and Jamme et al. [32] showed excellent agreement with linear theory for computation of 2 values. These results are reproduced in the Fig. 13 and compared against those obtained by our shock fitting method.
For this comparison we have chosen the 2 value immediately after the shock. Good agreement is observed between shock fitting and LIA results as the mean Mach number of incoming flow is increased. 
SUMMARY AND FUTURE WORK
Shock-fitting methods provide a promising, though rarely used, alternative for the computation of shock and turbulence interaction problems. In our previous studies, we have shown these methods to be superior to the commonly used shock-capturing methods for the problems where well defined shock is present. In the present study, the shock fitting method were developed and implemented for simulations of shock and isotropic turbulence. Since the flow ahead of the shock is supersonic one can generate the incoming turbulence at the shock using a separate simulation while subsonic flow behind the shock is solved by shock-fitting method. In the present study low Reynolds number ( Re 6.18 ) flow was considered with mean Mach number of incoming turbulence varying from 2-10. It was found that the turbulent kinetic energy of the fluctuations increase after passing through the shock and amplification remains almost same for stronger than Mach 5 shocks. Far field values of normal Reynolds stress in streamwise directions were found to be greater than those in transverse direction and flow did not seem to return to isotropy downstream of the flow. Transverse vorticity fluctuations values are significantly enhanced across the shock while streamwise vorticity seems to be unaffected while passing through the shock. Amplification of vorticity fluctuations match well with those obtained from the linear interaction analysis. Taylor microscales were seen to be reducing just behind the shock after which streamwise microscales rapidly evolve. Amplifications of transverse microscales across the shock from shock fitting calculations match well to those predicted by LIA for all the shock strengths considered here.
Overall, the results generally confirm the findings by earlier numerical simulations and provide results for stronger shocks than those considered in the past. For the highly viscous flows considered here viscous dissipation was overwhelming factor in evolution of turbulence in post shock flows. With the availability of computer resources in future, we expect to explore higher Reynolds number regime. Due to the high accuracy and relatively lower computational cost of the shock-fitting algorithm, it is expected that new insights will be obtained for the problems involving shock-turbulence interaction by using shock-fitting method.
